Abstract. The lifetime of the Λ-hyperon in heavy hypernuclei -as measured by the COSY-13 Collaboration in proton -Au, Bi and U collisions at COSY-Jülich -has been analyzed to yield τΛ = (145 ± 11) ps. This value for τΛ is compatible with the lifetime extracted from antiproton annihilation on Bi and U targets, however, much more accurate. Theoretical models based on the meson exchange picture and assuming the validity of the phenomenological ∆I=1/2 rule predict the lifetime of heavy hypernuclei to be significantly larger (2 -3 standard deviations). Such large differences may indicate that the assumptions of these models are not fulfilled. A much better reproduction of the lifetimes of heavy hypernuclei is achieved in the phase space model, if the ∆I=1/2 rule is discarded in the nonmesonic Λ decay. 
Introduction
The Λ hyperon decay can be studied for free hyperons as well as for hyperons colliding with nucleons inside the nuclear medium. In the first case it proceeds via the mesonic process, Λ → π +N, with an energy release of about 38
MeV, whereas collisions with nucleons lead to the nonmesonic decay, e.g. N + Λ → N + N, with an energy release of (∼ 180 MeV).
The mesonic decay also occurs for hyperons bound in hypernuclei, but it is strongly inhibited for all but the lightest hypernuclei due to Pauli blocking of the nucleon final states. The nonmesonic decay, on the other hand, can be studied only in hypernuclei because neither Λ hyperon beams nor targets are available. Due to the immense difficulty in producing Λ hypernuclei and of subsequently detecting their decay the available experimental data on the nonmesonic process are scarce and have large uncertainties.
Most of the measurements for the decay of hypernuclei have been based on limited statistics and been predominantly performed for light hypernuclei (see e.g. the reviews [1, 2, 3] or refs. [4, 5, 6, 7, 8, 50, 10] ). Even the total decay rate (or inverse lifetime) of heavy hypernuclei was up to very recently known only with a large error [11] . The experimental knowledge of the partial decay rates is also not satisfactory, e.g. the experimental studies devoted to light (A ≤ 28) [4, 5, 6, 7, 10] and medium heavy (40 < A < 100) hypernuclei [12, 13, 14] report different values for the neutron and proton induced Γ n /Γ p decay rates. The results for light hypernuclei are close to unity whereas those for heavy hypernuclei vary between 1.5 and 9.0. The experimental situation -together with uncertainties in the theoretical description -show that the nonmesonic process is barely understood so far.
We recall that in the Standard Model the weak | ∆S |= 1 transitions can proceed with both ∆I = 1/2 and ∆I = 3/2 amplitudes. However, it was found experimentally (in the decays of free kaons and hyperons) that the ∆I = 1/2 amplitudes dominate by far the | ∆S |= 1 non-leptonic weak interactions [15] . This suppression of the ∆I = 3/2 amplitude was explained by Miura -Minanikawa [16] and Pati -Woo [17] in terms of the colour symmetry of the valence quarks in the baryon. Thus, one is tempted to assume a dominance of ∆I = 1/2 transitions also in the nonmesonic decay of the Λ -hyperon. It was, however, observed that theoretical calculations involving this assumption -i.e. only ∆I = 1/2 transitions -systematically underpredict the ratio Γ n /Γ p of nonmesonic decay rates induced by neutrons (n + Λ → n + n) to the decay rates induced by protons (p + Λ → p + n) [18] . Several attempts have been made to reconcile this discrepancy e.g.
in Refs. [19, 20, 21, 22, 23, 24] , but none of them has solved this problem in a convincing way.
This leads to the conclusion that the contribution of the ∆I = 3/2 transition to the nonmesonic decay of the Λ hyperon might not be negligible, i.e. the ∆I = 1/2 rule should be violated [25, 26, 27, 28, 29] . The arguments presented in favor of this hypothesis in refs. [25, 26, 27, 29] have been based essentially on the observed nonmesonic decay widths of the lightest hypernuclei. However, the experimental uncertainties are too large to allow for any definite conclusion. It is thus necessary to get information on the (possible) violation of the ∆I = 1/2 rule from other properties of hypernuclei, e.g. from the mass dependence of the lifetime of hypernuclei as addressed in ref. [28] .
As far as experiments are concerned it can be stated from the inspection of Table 1 , that the data -with exception of the experiment performed with an e − beam in Kharkov [30] -agree within the limits of errors. In ref.
[ 32] it has been shown, that a hypernucleus fraction decaying on a timescale of 2700 ps (as quoted in [30] ) must be smaller by orders of magnitude compared to the fraction of hypernuclei decaying on timescales of 200 ps. However, the errors for τ Λ in the measurements from [31, 11] are so large, that no severe constraints could be imposed on the various theoretical models for the nonmesonic decay. Bi + e 2700 ± 500 [30] Bi + p 250 +250 −100 [31] Bi + p 180± 40 (± 60) [11] Reanalysis of data from [31] U + p 130 ± 30 (± 30) [11] In order to improve the situation, experiments with 2 Heavy hypernuclei formation in p + A
reactions and their decays
In case of heavy hypernuclei the application of direct timing methods -as adopted for light hypernuclei -is not feasible due to the large background of light particles produced. This problem is circumvented by detecting heavy fragments from the fission processes, which are induced by the Λ-hyperon decay in heavy hypernuclei. The technique used is the recoil shadow method originally suggested by Metag et al. for the measurement of fission isomers [33] .
It has also been employed by Armstrong et al. [11] in the lifetime measurements with antiprotons.
A novel approach to produce heavy hypernuclei for lifetime measurements -as performed by the COSY-13
Collaboration -is to use proton collisions on heavy targets like U, Bi or Au. The possibility to vary the beam energy allows to measure the background (at a low beam energy, e.g. of 1 GeV) concurrently with the effect (e.g. at 1.9 GeV) by operating COSY in a supercycle, which has not been possible in thep induced reactions in [11] .
Furthermore, a variation of the projectile energy in proton induced reactions permits to find out whether an ordinary fission isomer might fake the decay of a hypernucleus. Such a test is also not possible in antiproton-nucleus interactions since the center-of-mass energy is fixed for stopped antiprotons and always above threshold for Λ production.
Furthermore, in p + A reactions a large part of the proton momentum is transferred to the hypernucleus such that the surviving hypernuclei move faster than inp induced reactions; this increases the sensitivity of the recoil shadow method for lifetime measurements accordingly.
For illustration we show in Fig Due to the complexity of these reactions the various stages illustrated in Fig. 1 have been simulated by coupledchannel Boltzmann-Uehling-Uhlenbeck (CBUU) transport calculations for the fast nonequilibrium phase [34, 35, 36, 37] followed by Hauser-Feshbach calculations for the statistical evaporation phase [38] . The transport model employed has been used for a variety of hadron-nucleus and nucleus-nucleus reactions from low to relativistic bombarding energies and been tested with respect to the overall reaction dynamics as well as the production of strange and nonstrange hadrons (for reviews see refs. [39, 40] ). The CBUU calculations provide information on i) the formation cross section of 'hot' hypernuclei as well as on ii) The cross sections for Au, Bi, and U targets at T lab = 1.9 GeV -as calculated from the CBUU + evaporation calculations -are displayed in Fig. 2 , where we show the predicted cross sections and branching ratios for all targets. The experimental cross sections quoted in Fig.   2 for prompt fission have been taken from refs. [43, 44] .
In contrast to the large differences in the prompt fission cross sections, which amount to a factor of ∼ 15 for U and Au targets, the cross sections for delayed fission (∼ 42, 25 and 16 µb for U, Bi and Au, respectively) are rather similar. This is due to the fact that the probability to observe the delayed fission of hypernuclei is determined by a product of two probabilities: the survival probability P s of ('hot') hypernuclei against prompt fission and the probability P fΛ for fission of ('cold') hypernuclei induced by a Λ -hyperon decay. These two probabilities correspond to opposite processes; their sum is approximately equal to unity. We find, furthermore, that also their product remains constant within a factor of 2−3.
The comparison of the cross sections for delayed fission of hypernuclei and prompt fission of target nuclei in It has to be pointed out that although the distributions in mass differ by about 10 to 30 units for the different targets, they have some common overlap region in the tails. Furthermore, the Λ induced fission probability essentially depends on the fissility parameter Z 2 /A (see Fig.3 ). The solid and dotted lines in Fig. 3 show hypernuclei of Z 2 /A = 34 and 32, respectively. We recall that only a fraction of the (A, Z) distributions of hypernuclei created in p + A interactions lead to actual delayed fission events (see P f Λ in Fig. 2 ), i.e. essentially for Z 2 /A ≥ 34.
When averaging over the experimental results for all targets one thus obtains a value for τ Λ that corresponds to an average over all nuclei with masses A ≥ 180.
Experimental setup and data analysis
Hypernuclei produced in proton-nucleus collisions, which survive the prompt fission stage, leave the target with a recoil velocity v R . They subsequently decay at some distance from the target proportional to the lifetime τ Λ of the Λ-hyperon and to the velocity v R . Thus prompt and delayed fission events can be separated by the spatial distribution of their decays. The problem, however, is that the prompt fission events are more frequent than the delayed fission processes by factors of ∼ 10 5 (cf. [49].
In order to check whether the events detected in the shadow region are not light particles or even γ ′ s, the following tests have been performed:
-The MWPC were irradiated with minimum ionizing particles (γ's and e − ); it was shown that the detection efficiency for such particles is below 10 −11 .
-A pure carbon foil was used as a target in p + A measurements, leaving the detection system unchanged.
The measured spectra in the shadowed part of the detectors were found to contain no events. clei, that lead finally to fission, have practically the same velocity distribution.
Summary of experimental results and error analysis
In this section we summarize the results of the COSY-13
Collaboration and compare to the lifetimes measured be-fore (cf. Table 1 ). Such a comparison must necessarily involve a discussion of experimental uncertainties. Whereas the statistical errors can be unambiguously determined by the maximum likelihood method as described in detail in ref. [46] , the estimation of systematic errors has to be discussed individually for each experiment, since the number of events in the shadow region of the detectors have been different as well as the stability of the individual targets during the irradiation periods.
Systematic errors
The systematic errors arise from: Detailed simulations have been carried out to determine the variation in the lifetime τ Λ according to the error sources listed above. The results of these studies in ref.
[46] lead to the actual numbers shown in Table 2 for the three targets separately.
The systematic errors can be summed up to 15 ps for the Au target, to 14 ps for the Bi target, and to 17 ps for the U target. 
Results
We recall that due to the rather large dispersion in the (A, Z) distribution of cold hypernuclei (cf. Fig. 3 ) the observation of the delayed fission of these nuclei does not
give an information on the lifetime of specific heavy hypernuclei, i.e. with fixed atomic number Z and mass A, but it rather provides a lifetime averaged over a group of different hypernuclei. Within statistics these values are identical, though the average masses of the fissioning hypernuclei differ for the different targets (cf. Fig. 3 ). On the other hand, the individual distributions in (A, Z) overlap such that we may also average over the three experiments to obtain an average lifetime for hypernuclei with masses A ≈ 180 -225 with a dispersion in charge ∆Z ≈ 3 (for fixed A) as:
τ Λ = 145± 11 ps (for p+A).
Comparison with antiproton induced reactions
This average lifetime of heavy hypernuclei is within the statistical error limits in agreement with the lifetimes extracted from antiproton experiments Refs. [11] (see Table   1 ), which by averaging over the Bi and U targets amounts to:
In fact, the mass and charge distribution of hypernuclei from the experiments with antiprotons should be similar to those of the proton induced reactions since a comparable energy is transferred to the nucleus. However, the latter reactions lead to a much more precise value for τ Λ since i) the background can be determined experimentally in contrast to thep induced reactions -which reduces the systematic errors -and ii) the velocity of the hypernuclei is much larger in the laboratory due to the higher momen- As discussed in the introduction and demonstrated in ref. [28] , the ∆ I = 1/2 rule might be violated in the ΛN → N N interaction contrary to the case of free hyperon decays. In this respect we recall that the lifetime of heavy hypernuclei is sensitive to the ratio R n /R p of the neutron induced to proton induced Λ nonmesonic decays Λ + N → N + N , whereas the lifetime of light hypernuclei (A ≈ 12) is independent of this ratio. Thus, a precise knowledge of the lifetime of light hypernuclei (which depends only on R n +R p ) and an accurate knowledge of the lifetime of heavy hypernuclei (depending both on R n +R p and on R n /R p ) enables us to determine the absolute normalization, i.e. R n +R p , as well as the ratio R n /R p .
Furthermore, we can test the validity of the phenomenological ∆I = 1/2 rule due to the following reasons: The ratio R n /R p vanishes for final state isospin I f =0 since the neutron induced Λ decay leads only to neutron-neutron final states, which cannot form an isospin zero state. On the other hand, the ratio R n /R p is equal 2 for ∆I = 1/2 decays to pure I f =1 final states (realized e.g. for Λ -nucleon spin state S) [27] . Therefore, in the general situation -where the observed decays correspond to an incoherent mixture of the I f =0 and I f =1 final states -pure ∆I = 1/2 decays must always result in a ratio R n /R p ≤ 2. Any measured ratio R n /R p ≥ 2 then will indicate a violation of this rule. We will argue in the following that this should be indeed the case.
To sharpen the arguments we show again the theoretical calculations from ref. [28] for the Λ hyperon lifetime for both, the mesonic and nonmesonic contributions included, in Fig. 10 as a function of the hypernucleus mass A. In these calculations the strength of the weak transition ΛN → N N ∼ R n + R p is fixed in magnitude to the data (cf Fig. 10 ) for light hypernuclei with N ≈ Z and masses A ≈12. We mention that this strength has an error of about 5% according to a statistical analysis of the lifetimes for these nuclei which amounts to ≈ ±7 ps for heavy hypernuclei (A∼200).
The calculations for a constant ratio R n /R p then lead to a smooth decrease for the lifetime as a function of mass
A which approximately saturates for A ≈ 160 (solid line for R n /R p =1). When increasing the ratio to R n /R p = 2 we obtain the dashed line which is the lowest limit for the ∆I = 1/2 rule to hold according to the argumentation presented above. Any further increase of R n /R p (dotted line) leads to a steeper dependence of τ Λ with mass A since in neutron rich nuclei -along the line of stabilitythe nΛ → nn channel becomes the dominant one.
When comparing the different theoretical lines with the lifetime extracted from the present work for masses A ≥ 180 (hatched area with COSY-13), we find that a ratio R n /R p ≤ 2 is not compatible with τ Λ = 145± 11 ps for the heavy hypernuclei. Thus within the described scenario the ∆I=1/2 rule is violated.
The latter conclusion also holds, when the contribution of two nucleon induced decays (Λ+n+p → n+n+p)
is taken into account since it was shown by Ramos et al. [21] , that the yield of two nucleon induced decays of Λ hyperons is independent of the mass of the hypernucleus.
The presence of such a mass-independent contribution effects the mass dependence of lifetimes in the same way as a decrease of the R n /R p ratio, i.e. it makes the mass de- = 1/2 rule can only be stated with some confidence level P c < 1. To estimate this probability we followed the error analysis described in Ref. [28] using the present average value for the lifetime of heavy hypernuclei (cf. fig. 10 ) with the error evaluated as a sum of statistical and systematic errors (11 ps) . This leads to a confidence level ≈ 0.98; an inclusion of the antiproton data from ref. [11] (Table 1) does not modify this result.
It should be emphasized, that the mass dependence of the lifetime varies only weakly with the ratio R n /R p for large values of this ratio. Thus the error in the normalization of the theoretical curves in fig. 10 , i.e. ± 7 ps -the error of R n +R p determined by the accuracy of the lifetimes of light hypernuclei -and the error of the lifetime for heavy hypernuclei, i.e. ±11 ps (as extracted from the COSY-13 data) do not allow to establish the ratio R n /R p more precisely; it can only be stated that it is larger than 2.
Discussion
The conclusions presented above rely on: i) the accuracy of the overall normalization, which is a free parameter of the present theoretical model, and ii) the assumption that the model predictions with respect to the mass dependence of the hypernuclei lifetimes are reliable. We will discuss these premises in the following.
We recall that the theoretical model formulated in ref. [28] To gain further insight into the validity of our theoretical model we have, furthermore, compared the mass dependence of the hypernucleus lifetime from ref. [28] with the mass dependence from the more recent calculations of W. M. Alberico et al. [51] and D. Jido et al. [52] .
Since in both studies the validity of the ∆I=1/2 rule has been assumed, we compare the mass dependence from ref.
[28] within the same assumption (i.e. the limiting value R n /R p =2 has been adopted) and omitted the contribution of two-nucleon induced Λ-hyperon decays in the re- sults of refs. [51] and [52] , since the model of ref. [28] does not include this contribution.
The calculated results for the mass dependence of τ Λ from these three models are presented in Fig. 11 , where the squares correspond to the calculations of ref. [51] , the circles to the calculations of ref. [52] while the solid line shows the mass dependence from ref. [28] after normalization to the lifetime of The experimental situation thus appears to create a puzzle; Γ n /Γ p is found to be larger than 2 for heavy hypernuclei whereas it is apparently close to unity for light hypernuclei. Thus, either the analysis of the experiments is biased by some mass-dependent effects, or this ratio is indeed different for light and heavy hypernuclei.
Summary
In this work we have summarized the experimental studies of the COSY-13 Collaboration that aimed at measuring the lifetime τ Λ of the Λ hyperon in heavy nuclei produced in proton induced reactions on Au, Bi and U targets employing the recoil shadow method. The lifetimes extracted from the various experiments are all compatible with each other and also with the lifetimes determined by early antiproton annihilation experiments on Bi and U targets from ref. [11] , however, much more accurate. These lifetimes correspond to a broad range in mass and charge of the produced hypernuclei (cf. Fig. 3 ) with a rather nar- [28] such a small value for τ Λ may be explained by a dominance of the neutron induced over proton induced decay rates (R n /R p > 2). This implies that the empirical ∆I= 1/2 isospin rule -found for the vacuum decays of single strange hadrons and assumed to be valid in the theoretical calculations of W.M. Alberico et al. [51] and D.
Jido et al. [52] -is violated for the in-medium ΛN → N N transition. The latter reactions involve a high momentum transfer, i.e. they test the ΛN weak interaction at short distances, where the overlap of the quark wave functions is very large. It is questionable, if these compact 'parton configurations' might be described properly in the mesonexchange picture based on effective hadronic lagrangians.
A description with partonic degrees of freedom, which includes automatically ∆I=3/2 transitions, should be more adequate, but reliable calculations on the partonic level still have to wait for future.
